weights and neuronal selectivity must remain stable; passive decay of synaptic weight (that is, back to an initial value that might be larger or smaller) leads to a loss of the stored representations.
Here we address these questions in the adult hippocampus in vivo using an approach that combines electrophysiology and biochemistry. We find that high-frequency synaptic stimulation (HFS) of the Schaffer collaterals, which induces stable long-term synaptic potentiation, triggers the delivery of glutamate receptor proteins to synaptoneurosomes isolated from CA1, and that low-frequency stimulation (LFS), which induces long-term depression, leads to their removal. Like LTP (Bliss and Collingridge, 1993) and LTD (Bear and Abraham, 1996), these modifications in synaptoneurosomal glutamate receptor levels depend upon activation of NMDARs during conditioning stimulation and are reversible. Thus, synaptic glutamate receptor trafficking is bidirectionally, and reversibly, modified by synaptic activity in the adult brain in vivo. These data demonstrate that changes in glutamate receptor levels accurately reflect both the history of synaptic NMDAR activation and the consequent change in the strength of synaptic transmission and support the idea that long-lasting alterations of glutamate receptor expression at the synapse may serve as a molecular mechanism for memory formation (Lynch and Baudry, 1984) .
Results

Redistribution of Glutamate Receptors in Synaptoneurosomes Following Induction of LTP
To test the hypothesis that regulation of glutamate receptor availability at the synapse contributes to longterm modifications of synaptic efficacy in the adult hippocampus in vivo, biochemical analysis of synaptic proteins was performed following manipulation of synaptic strength. Adult, male Long Evans rats (250-500 g) were anesthetized with sodium pentobarbital, and a stimulating electrode was placed unilaterally in the trajectory of the Schaffer collaterals. A recording elec- within-animal control. Quantitative immunoblotting, performed with the experimenter blind to the physiological stimulation history, was used to measure the levels of that LTD would be accompanied by a decrease in AMPAR protein levels. In order to test this hypothesis, GluR1 and GluR2 proteins, the major subunits of AMPARs in hippocampus (Wenthold et al., 1996) , and NR1, the we induced saturating and stable LTD by applying two episodes of low frequency stimulation (LFS; 900 pulses obligatory subunit of NMDARs (Mori and Mishina, 1995) . Despite the robust expression of LTP, we found no sigat 1 Hz separated by 30 min) to the Schaffer collaterals (Figure 2a , n ϭ 6). The change in field EPSP slope postnificant differences in the levels of glutamate receptor proteins in homogenates prepared from stimulated verconditioning stimulation was 71% Ϯ 4% of baseline (p Ͻ 0.05). Once again, upon termination of the electrophysisus contralateral control (Con) hippocampi of these animals (Figures 1c and 1d that might require protein synthesis (Nayak et al., 1998). These activity-dependent alterations in AMPAR localWe did not address the question of whether protein ization are likely to directly impact synaptic transmissynthesis is involved in the changes in vivo, because sion. In visual cortex, for example, small changes in in pilot studies we found that hippocampal infusion of synaptoneurosomal glutamate receptor protein have mRNA translation inhibitors produces instability in basebeen shown to be highly predictive of changes in synapline synaptic transmission. Nonetheless, the fact that tic transmission (Quinlan et al., 1999b) . Moreover, recent we observe a redistribution of glutamate receptors in work on hippocampal neurons in vitro has provided the late, stable phase of synaptic plasticity suggests that compelling support for the idea that AMPARs are inthis reflects a mechanism for long-term maintenance of serted into the postsynaptic membrane following inducactivity-dependent synaptic modifications. 20-55 A) . Baseline measurements were collected using single stimuli applied ever, when HFS is delivered after prior induction of LTD, every 30 s. Saturating, long-lasting LTP was induced by two 1 s using paired two-tailed t tests. For immunoblot analysis, GluR protein levels in the hippocampus receiving conditioning stimulation trains of 100 Hz separated by 30 s, applied every 15 min for 1 hr, for a total of ten trains. Saturating, long-lasting LTD was induced were compared to GluR levels of the contralateral control hippocampus (Con) from the same animal run on the same gel. Within-group using LFS, consisting of two episodes of 900 pulses delivered at 1 Hz, separated by 30 min. Simultaneous recordings from CA1 in the comparisons were performed using paired two-tailed t tests, differences between groups were compared using ANOVA with Bonfercontralateral hemisphere confirmed that the synaptic modifications elicited by conditioning stimulation were confined primarily to the roni planned post hoc comparisons. Differences were considered significant when p Ͻ 0.05. For display purposes, GluR protein levels hippocampus ipsilateral to the stimulating electrode. Electrophysiological data are expressed as a percentage of the mean response for the hippocampus receiving conditioning stimulation are expressed as a percentage of contralateral control hippocampus. magnitude recorded during the baseline period.
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